The pulse pile-up phenomenon is one of the major problems of the gamma-ray spectrometry, especially at high counting rates. This phenomenon is considered herein, in signal processing point of view, as a blind source separation problem. Indeed, we present in this paper the application of the symetric prewhitening algorithm for the separation of overlapping pulses. The obtained results show that we can achieve the separation task using only three preamplifier's recordings. In case of pulse pile-up, the algorithm allows to separate the stacked pulses into two independent components. A third component is also extracted. This last was found to be strongly correlated to the detector's background noise. Otherwise, the algorithm permits to identify two independent components.
Introduction
Gamma-ray spectrometry is an analytical nuclear technique that is used for the quantitative and qualitative determination of radioisotopes emitting gamma radiation. It is widely applied for the monitoring in nuclear facilities, environment nuclear medicine, and industrial uses of radioisotopes, etc. [1] , [2] , [3] , [4] . Its instrumentation chain is formed by several electronic modules. Typically, an analog spectrometer system can be represented by the block diagram of the following figure 1 [4] . Most gamma spectrometers use a high pure germanium detector (HPGe). Inside it, the interaction photon-matter creates electron-hole pairs which migrate under the effect of a high voltage. This migration generates a current which is measured, amplified and conditioned trough the preamplifier and then digitalized using analog-digital converter. The multichannel analyzer processes the resulting signal and sorts the samples according to high values of energy [1] , [2] , [3] , [4] . However, despite technological advances in electronics and computer sciences, this method suffers from several problems related to instrumentation and particle physics. In particular, the stochastic and the noisy nature of the preamplifier's output signal and the pile-up phenomenon are the major problems of this technique. This can make the signals difficult to interpret, induce the distortion of the energy spectrum and, therefore, lead to a loss of information.
In order to improve the use of this technique several studies have been conducted to address various issues related to instrumentation. Most of these studies, tackle to the use of linear and nonlinear adaptive filtering methods to improve the signal to noise ratio (SNR) at the output of the detector [5] , [6] , [7] . Others propose some algorithms to correct the pile-up phenomenon [4] , [8] , [9] , [10] , [11] . Recently, systems based on digital signal and processors and FPGAs are increasingly introduced to replace the analog systems [3] , [12] , [13] .
In this survey, which represents a continuation of our previous work [14] , we are interested in processing and analyzing the signal at the output of an HPGe detector in order to correct the pulse pile-up. This phenomenon occurs when the incidence times of particles are so close that the detector counts them as a single pulse. When this happens, the system can't measure the pulse amplitude correctly, but simply record two or more pulses as a single event with combined intensities by prolonging artificially the Compton continuum [4] , [15] . This results in removing the pulses from their proper position in the stripped spectrum, and the area under the full-energy peak will not reflect the correct measure of the total number of full-energy events [4] , [15] .
We consider here, the pulse pile-up phenomenon as a blind source separation problem and we attempt to isolate each stacked pulse from the recorded preamplifier's output. We demonstrated in [14] , that the symmetric prewhitening algorithm is the most effective and suitable method to analyze our sets of data. Consequently, it will be possible, first, to process each extracted independent component individually, then to achieve conditioning and counting of pulses in order to reconstruct the true energy spectrum of the gamma emitter.
Materials and Methods

Signal database
We performed three experiments aiming to record the HPGe preamplifier's output signals [16] . In two of them, we exploit a gamma-ray spectrometry chain used for environmental monitoring application whereas in the third, we record the output of an HPGe detector of a neutron activation analysis system. This results in a database formed by 53 recordings, of size of 1000 samples each. The signals have been recorded by a high performance digital oscilloscope (Model Tektronix 340) [17] at a sampling frequency of 100MHz. We performed the experiments both in the presence and in the absence of a gamma radiation emitter. This last was composed by a radioactive source of Cesium-137 which allowed us to perform data acquisition at high counting rates.
SYM-White algorithm
As shown in previous works [14] , the blind source separation problem of our study case, can be solved using the symmetric prewhitening algorithm (SYM-WHITE). Indeed, according to the values of performance index, this algorithm was found to be the most efficient one among all have the tested methods.
Prewhitening can be considered as the basic step in blind source separation task. This signal processing phase performs temporal, spatial or temporal-spatial decorrelation. In particular, it can be used to identify the mixing matrix and perform blind source separation for colored signals [18] , [19] .
The whitening procedure consists in the transformation a vector x⊂R m into another set y⊂R n through an nxm whitening matrix W [19] .
The obtained vectors y, are mutually uncorrelated and have unit variances. In other words, their correlation matrix is an identity matrix:
The algorithm SYM-WHITE performs special form of prewhitening procedure. It computes a symmetric prewhitening matrix W on the basis of the covariance matrix R xx , such as:
√
The power of this algorithm is its ability to separate sources under weak conditions and when a mixing matrix is symmetric and the covariance matrix of the original sources is supposed to be identity matrix [18] , [19] , [20] .
Results and discussion
In this section, we use the SYM-WHITE algorithm, implemented into the ICALAB-SP TOOLBOX [18] , [20] , to extract the independent sources. As in [14] , we take as mixtures the output of the preamplifier which are recorded in both the presence and absence of radioactive source.
As a first step, we determine the number of the mixtures that will constitute the input matrix of the SYM-WHITE algorithm. The optimal dimension corresponds to the best value of the algorithm's performance index [14] , [18] . Tests show that only three mixtures allow achieving the best blind separation of the original sources. Also, according to the performance index, we evaluate the best initialization of the mixing matrix W. We found that best results are obtained when W is initialized as a Toeplitz matrix [21] .
We performed the separation task in both the presence and the absence of the gamma radiation emitter. We found, as the figure 2 below shows, that the analyzed mixtures are formed only by two independent sources. In presence of gamma emitter and when the pile-up phenomenon happens, the algorithm allows separating the pulses and the number of extracted independent sources becomes three (see figure 3) . In this case, one of the extracted components is identified to be strongly correlated with the detector's background noise (see figure 4) . 
Conclusion
We use the symmetric prewhitening algorithm to extract independent component from an HPGe preamplifiers' output signals. Indeed, this algorithm, which was found to be the most effective and suitable method to analyze our sets of data, allows us to isolate each pulse even when the pile-up phenomenon happens. The performed tests, both in the absence and the presence of a high energy gamma radiation source, showed that we can perform the separation task Normalized cross correlation between 2nd independent component and the detector's background noise using only three recordings and when the mixing matrix W is set initially as a Toeplitz one. In this way, the preamplifier's output signals are composed by only two well separated components. However, when the pile-up phenomenon happens, other independent components are extracted. They correspond to the number of pulses that are stacking and forming the pile-up phenomenon.
Given the robustness of the blind source separation methods, without a priori assumptions about the relationship that can exist between the various components of analysed mixtures, we propose, in a forthcoming works, to test these signal processing techniques to solve the gamma-neutron separation problem inside nuclear reactors.
